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T.  INTRODUCTION 


Dimensional  stability  is  defined  as  the  ability  of  a material  to  resist 
permanent  dimensional  changes  caused  by  externally  applied  stresses, 
temperature  excursions,  redietribittion  of  residual  stresses,  or  metallurgical 
phase  instability.  Dimensional  changes  in  materials  caused  by  externally 
applied  stress  are  important  to  the  designer  of  precision  instruments.  Most 
materials  plastically  deform  at  a stress  significantly  lower  than  the  conven- 
tional 0.  2%  offset  yield  strength,  i.  e. , stress  required  to  produce  2000 
microstrain  (pe)  of  plastic  strain.  The  conventional  yield  strength  is  of 
little  use  to  the  designer  who  must  know  the  stress  that  produces  a plastic 
strain  of  1 pe.  For  a precise  method  for  measuring  the  stress  to  produce 
such  srr-'ll  plastic  strains,  precision  strain-gage  techniques  are  used.  This 
method  involves  loading  and  unloading  a material  to  successively  higher 
stresses  and  measuring  the  residual  plastic  strain  between  each  loading  step. 
The  microyield  strength  (MYS)  is  defined  as  the  stress  required  to  produce  a 
plastic  strain  of  1 pe. 

The  purpose  of  this  study  was  to  determine  how  thermal-mechanical 
processing  could  be  used  to  increase  the  MYS  of  Invar  sheet,  rod,  and  tube. 

A high  MYS  is  desired  to  minimize  dimensional  changes  due  to  microcreep 
during  short-term  loading.  The  thermal-mechanical  treatments  include 
austenitizing  followed  by  water  quenching,  long-time  thermal  treatment  at 
low  and  high  temperatures  followed  by  air  or  furnace  cooling,  and  stretching, 
i.  e.  , cold-working. 

In  189  6,  Giullaume^  discovered  that  iron  with  36%  nickel  exhibited 
an  unusually  low  thermal  expansion  coefficient.  Invar,  the  name  given  to 
this  alloy,  is  used  today  for  optical  components,  optical  component  housing, 
microwave  filters,  intercornectors  for  solar  cells,  cryogenic  piping,  wave- 
guides, temperature  regulators,  and  TV  camera  supports  for  spare  probes. 
Compared  to  low-thermal  expansion  ceramics  or  composites.  Invar  has  better 
machinability,  higher  thermal  and  electrical  conductivity,  higher  thermal 
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shock  resistance,  lietter  magnetic  properties,  better  vacuum  stability,  and 
more  moderate  cost.  The  principal  disadvantages  are  the  relatively  liigh 
density  and  the  limited  temperature  range  I'or  a low  thermal  expansion 
coefficient  and  dimensional  instability,  which  are  dependent  on  thermal- 
mech.anical  processing  and  chemical  composition. 

There  have  been  relatively  few  investigations  reported  to  date  on  the 

MYS  of  Invar  and  its  alloys.  Hordon  and  Weihrauch'^  studied  Invar  "3  6" 

(0.  12%  Cl  1%  Mn,  and  0.  35%  Si)  using  capacitance  strain  gages.  The  Invar 

was  solution-treated  at  830“C,  quenched,  rough-machined,  stress  - relieved 

at  650°C,  air  cooled,  finished-machined,  and  stabilized  at  93°C  for  48  hr 

with  air  cooling.  The  elastic  limit  was  defined  as  the  stress  at  which  a 

plastic  strain  was  first  detected.  Loads  were  applied  in  increments  of 

400  psi  .'tt  rates  of  20  ksi/min  with  immediate  unloading  when  the  stress  was 

reached.  They  reported  the  elastic  limit  to  be  26.  4 ksi.  Extensive  MYS 

studies  of  Ni-Span-C  {42%  Ni,  5-6%  Cr,  2.  5%  Ti,  0.  5%  Al,  <0. 06%  C,  and 

balance  Fe)  were  performed  using  the  strain-gage  techniques  of  Imgram 

et  al.  Samples  were  rough-machined,  solution -treated  at  980  "C  for  1-1/4 

hr,  wator-quenched,  annealed  at  677 °C  for  21  hr,  air-cooled,  and  finished- 

machined.  Incremental  tensile  loading  at  0.05  in. /min  cross-head  speed 

With  immediate  unloading  was  employed.  Strain  sensitivity  was  reported  to 
-7  -7 

be  1 X 10’  in,  /in.  with  a scatter  of  ±3  x 10  in.  / in.  The  MYS  for  Ni  Span- 
C averaged  39  ksi.  Schetky^  reported  47  ksi  for  the  MYS  of  Ni-Span-C. 
Marschall’'  reported  that  Universal  Cyclops  LR  (low  residual  impurity 
content)^  and  Fe-36%  Ni  (commerical  levels  of  im.purities)  have  a MYS  of 
6 to  10  k.si.  Cold-drawing  (35%  reduction)  increased  the  MYS  to  45  to  49  ksi. 
Ceil  and  Feinberg^  also  reported  that  the  MYS  of  annealed  invar  was  510  ksi. 
Ceil  et  al.^  also  showed  that  the  thermal  heating  resulting  from  plastic  defer 
mation  during  MYS  testing  was  negligible.  Hemmings  and  Perkins'^  reported 


C.  W.  Marachall,  Batlelle  Columbus  Lc.boratorie'=’ , private  communi- 
cation, 2 July  1975. 
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that  the  MYS  ranged  from  6 to  24  ksi  for  Fe-36%  Ni  with  <0.  1%  C.  The  higher 
MYS  values  were  obtained  by  using  slower  cooling  rates  in  the  200  to  400°C 
temperature  range.  Marschall^^  reported  that  the  reduction  of  the  carbon 
content  from  0.077  to  0,01%  does  not  significantly  affect  the  MYS  of  1-mm- 
thick  UNISPAN  LR  3 5 sheet.  All  decarburized  specimens  had  a MYS  between 
10  and  1 8 ksi. 
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II  EXPERIMENTAL  PROCEDURE 

A.  SPECIMEN  PREPARATION 

The  chemical  composition  of  each  shape  is  given  in  Table  I.  The 
chemical  composition  requirements  for  Invar  in  accordance  with  the  LR 
35  specification  is  included.  All  shapes  except  the  20-mil  sheet  met  the 
chemical  composition  requirements.  The  silicon  content  in  the  20-mil 
sheet,  i.  e.  , 0,063%Si,  slightly  exceeded  the  specified  maximum,  i.  e.  , 

0.05%  Si. 

The  specimen  configurations  used  for  MYS  and  mechanical  properties 
testing  of  sheet  and  rod  are  shown  in  Fig.  1.  The  tube  specimen  {not  shown) 
was  approximately  12-in,  long  with  1 /4-in. -diam  holes  drilled  1 in.  from 
the  tube  ends.  The  sheet  specimens  were  machined  from  20-  and  40-mil  thick 
sheet  in  the  transverse  and  longitudinal  directions  in  the  as -received  (All) 
condition.  Three  to  six  sheet  and  tube  specimens  were  thermal-proces sed 
per  treatment  (Table  II). 

The  rod  specimens  were  rough-machined  from  overside  1/2-in. -diam 
rod  stock  to  within  0.  <0  in.  of  the  required  dimensionu.  Three  specimens 
were  thermai-procoss cd  per  treatment  (Table  II).  The  following  sequential 
machining  procedures  wore  performed  to  reduce  surface  residual  stresses 
from  thermal  processing  in  the  specimens: 

1 . 0.030  in.  max  cut  to  within  0,  030  in.  of  final  surface. 

2.  0.020  in.  max  cut  to  within  0.020  in.  of  final  surface. 

3.  0.0  10  in.  max  cut  to  within  0.010  in.  of  final  surface. 

4.  0.005  in.  max  cut  to  within  0.005  in.  of  final  surface. 

5.  0.003  in,  max  cut  to  within  0.003  in.  of  final  surface. 

6.  The  final  cut  not  to  exceed  0.002  in. 

The  specimens  were  chemically  milled  using  an  acid  solution  for  the 
remaining  0.002  in.  The  acid  solution,  which  was  recommended  by  Muller'" 

j,. - „ , 

Hugli  H.  Muller,  Al  'co,  Carson,  California,  privaic  cornmunicatinn. 


consisted  of:  58  ml  H^PO^  (7  5%,  12  N),  1 1 . 5 ml  HF  (70%,  44  N),  106  ml 
HNO3  (42’  Balme,  15  N)  58  g Fe(N03)3  • 6 H2O,  and  562  g FeCl^  ■ 6 H^O. 

Linear  alkylate  sulfuric  acid  (0.25  g)  (wetting  agent,  Turcoform)  was 
dissolved  in  distilled  water  to  make  1 liter  of  solution.  The  solution  was 
contained  in  polypropylene  beakers.  The  specimens  were  immersed  in  the 
acid  solution  for  2 min  at  63 ®C. 

B.  MICRO  YIELD  STRENGTH  TESTING 

A four  strain-gage  bridge  circuit  was  used  for  MYS  testing.  Two 
active  strain  gages  were  mounted  on  each  MYS  specimen  located  on  opposing 
sides.  Two  dummy  strain  gages  were  mounted  on  a control  specimen  for 
temperature  compensation.  Micro-Measurements  (SA-00- 500BH- 1 20)  strain 
gages  were  cemented  on  the  MYS  specimen  with  Micro-Measurements  M-Bond 
200  and  catalyst.^  ^ Curing  was  at  room  temperature. 

Vishay/Intertechnology  Model  V/E-20  high  sensitivity  digital  strain 
indicator  with  internal  calibration  was  used  to  measure  strain.  An  Instron 
testing  machine  was  used  to  load  the  specimen.  The  crosshead  speed  was 
0.020  in. /min  during  loading  and  unloading.  Testing  of  the  MYS  specimens 
was  performed  at  room  temperature  in  a plexiglass  chamber  (Fig.  2).  The 
room  temperature  was  constant  within  ±0.  5’C  during  the  test  period.  Oscilla- 
tions of  the  system  in  the  unloaded  condition  averaged  ±I  count,  which  corres- 
ponded to  a sensitivity  of  ±0.  1 pe . 

Initial  tests  were  made  on  the  20 -mil  sheet  samples.  The  stability 
criterion  used  was  based  on  loading  the  sample  to  between  10  to  25%  of  the 
anticipated  MYS  three  times  using  wedge  type  grips  with  pins  and  then 
unloading.  The  absolute  strain  readings  fell  within  ±0.  1 pe.  The  strain 
gages  were  considered  stable  if  the  strain  readout  showed  no  drift  with  time 
and  varied  within  ±1  count.  If  stability  was  not  attained,  the  specimen  was 
regaged. 

The  specimen  was  then  reloaded  to  40%  of  the  anticipated  microyield 
load  and  held  for  1 min  and  unloaded.  A strain  indicator  reading  was  taken 


-13- 


— J9 


after  3 to  5 min,  which  was  the  average  time  required  for  the  apecirnen  to 
become  stable.  Between  4 and  15  succeasively  higher  load  cycles  were 
employeu  to  reach  one  unit  of  plastic  microstrain.  The  test  continued  until 
at  least  30  pe  units  of  plastic  strain  were  attained. 

The  effect  of  time  at  stress  was  iir/esti gated  by  successively  loading 
a 20 -mil  sheet  sample  to  22.  1 ksi  (the  measured  MYS  in  this  case).  The 
microcreep  is  0.44  pc/min  (Fig.  3).  It  was  concluded  that  the  1-min 
time  at, stress  had  no  significant  effect  on  MYS  determination. 


CUMULATIVE  TIME  AT  STRESS  (min) 


Fig.  3.  Plot  of  cumulative  plastic  microstrain  versus  cumulative 
time  at  stress.  (The  applied  stress  was  22.  1 ksi, 
i.  e.  , the  MYS.  ) 


m.  RESULTS  AND  DISCUSSION 

A.  METALLOGRAPHY 

A typica^l  microstructure  of  20-mil  sheet  is  shown  in  Fig.  4.  The 
etchant  was  a/  1:1  solution  of  concentrated  HCl  and  HNO^  with  10  drops  of  10% 
FeCl2  added/per  25  mil  of  solution."^  There  were  no  appreciable  inclusions 
present  am^ng  the  equiaxed  grains  with  annealing  twins  (ASTM  grain  size  8,  5). 
A typical  lyiicrostructure  of  40 -mil  sheet  that  consisted  of  equiaxed  grains 
with  annejiling  twins  is  shown  in  Fig.  5.  The  microstructure  did  not  change 
with  proc/essing.  Platelike  inclusions  were  observed  with  the  plate  plane 
parallel/to  the  sheet.  These  were  identified  as  (Fe,  Ni)S.  They  are  assumed 
to  have/n  effect  on  longitudinal  and  transverse  properties.  The  microstruc- 
ture oV  rod  and  tube  are  shown  in  Figs.  6 and  7,  respectively.  The  equiaxed 
grains  with  annealing  twins  did' not  change  with  processing, 

/ Figure  8 is  a scanning  electron  micrograph  of  the  40-mil  sheet.  The 
two/ illuminated  square  areas  (A  and  B)  were  subjected  to  energy  despersive 
analysis  of  x-rays  (EBAX).  The  results  are  shown  in  Figure  9.  The  y-axis 
is  the  intensity  and  is  the  total  number  of  x-ray  counts  accumulated  in  a 
given  time  period.  The  x-axis  is  the  energy  of  the  x-rays  in  KeV.  The  first 
two  peaks  correspond  to  the  and  of  Fe,  respectively,  and  the  remaining 

two  peaks  correspond  to  the  and  of  Ni,  respectively.  The  bars  in  Fig.  9 

correspond  to  iron  and  nickel  peaks  in  the  grain  boundary  area,  whereas  the 
wKite  dots  correspond  to  a similar  scan  of  the  grain  interior,  as  indicated 
in  Fig.  8.  There  was  no  relative  difference  in  iron  and  nickel  intensity  be- 
tween the  two  two  Regions.  EDAX  of  the  rod  showed  similar  results.  These 
results  indicate  that  the  Ni  and  Fe  are  uniformly  distributed  in  the  Invar. 

B.  MECHANICAL  PROPERTIES 

Mechanical  properties  included  hardness,  yield  strength  (YS),  and 
ultimate  tensile  strength  (UTS),  Young's  modulus,  and  percent  elongation. 

T.  J,  Bertone,  The  Aerospace  Corporation,  private  communication,  June  1976. 
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Fig,  4,  Optical  micrograph  of  as-received 
Invar  20-mil  sheet  in  longitudinal 
direction 


Fig.  5,  Optical  micrograph  of  Invar  40-mil  sheet 
(40-2  heat  treatment)  in  longitudinal 
direction 
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Fig.  6.  Optical  micrograph  of  Invar  rod  (R-  1 heat 
treatment)  in  radial  direction 
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Optical  micrograph  of  Invar  tube  (T-1  heat 
treatment)  in  ra<lial  direction 


Fig.  7.  Optical  micrograph  of  Invar  tube  (T-1  heat 
treatment)  in  radial  direction 
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Fig.  8,  SEM  micrograph  of  Invar  40-mil  sheet 
(40-1  heat  treatment)  in  longitudinal 
direction  showing  square  areas  A and 
B used  for  EDAX 


1 3tteEV  9C/S 

VS:299t  HS:  90EV/CH 


Fig.  9.  EDAX  of  Invar  40-mil  sheet 
in  square  areas  A and  B 
shown  in  Fig.  8.  The  two 
highest  intensities  corre- 
spond to  Fe  and  Ni, 
respectively 


-20- 


Results  are  sunimarized  in  Table  III.  Standard  deviations  given  are  baaed  on 
3 to  6 samples.  The.  YS  of  the  sheet  is  higher  than  the  YS  of  the  rod.  The 
higher  YS  is  attributed  to  longitudinal  stretching.  Increase  in  longitudinal 
stretching  increased  the  YS.  The  YS  in  the  longitidinal  direction  is  higher 
than  in  the  transverse  direction.  The  thermal  treatments,  i.e.  , -1  and  -2, 
given  to  the  AR  sheet  did  not  significantly  affect  the  YS,  The  YS  of  the  rod 
was  not  significantly  affected  by  the  various  thermal  treatments.  The  UTS 
and  elongation  of  the  sheet  are  not  significantly  affected  by  thermal- 
mechanical  processing. 

C.  MICROYIELD  STRENGTH 

The  microyield  strength  results  are  summarized  in  Table  III.  The 
mean  represents  3-6  tests.  When  no  standard  deviation  is  given,  only  one 
MYS  teat  was  performed. 

Thermal  treatments  R-1,  R-2,  and  R- 3 represent  practical  approaches 

to  different  combinations  of  dimensional  stability  and  thermal  expansion 

coefficients.  The  B.-l  heat  treatment  for  the  rod  is  based  on  the  studies  of 
12  13 

Lament  and  Eberly  to  achieve  a combination  of  low  thermal  expansion 
with  good  dimensional  stability.  The  315“C  thermal  treatment  is  effective  in 
relieving  the  high  residual  compressive  stresses  formed  at  tiie  surface  by 
quenching  from  830“C  but  raises  the  thermal  expansion  coefficient.  The 
96°C  thermal  treatment  essentially  completes  the  y-exparBion  with  a net 
expansion  of  approximately  50  pe.  The  R-2  thermal  treatment  includes  a 
205°  C thermal  treatment  that  also  relieves  residual  stresses  but  does  not 
raise  the  thermal  expansion  coefficient  as  high  as  the  R-1,  The  thermal 
treatment  at  70°C  only  partially  completes  the  \-expansion,  which  causes 
dimensional  instability.  The  R-3  thermal  treatnient  produces  a dimensionally 
stable  structure,  but  has  a high  thermal  expansion  coefficient,*^  The  MYS  was 
the  same  for  R-1  and  R-2  thermal  treatment;  R-3  thermal  treatirient  gave  the 
highest  MYS.  The  increase  in  MYS  of  the  rod  is  attributed  to  the  slow  furnace 
cool  from  830 “C.  The  increase  in  the  MYS  of  the  tube  is  also  attributed  to 
the  slow  furnace  cool  from  370  °C,  Hocvcvcr,  the  nearly  twofold  increase  in 
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the  MYS  of  the  tube,  which  also  had  a alow  cooling  step  in  comparison  to  the 
rod,  was  not  resolved.  The  effect  of  the  R-3  thermal  treatment  on  MYS  is 
consistent  with  tlie  results  of  Hemmings  and  Perkins, who  reported  that  slow 
cooling  in  the  temperature  range  200  to  400“  C produces  a higher  MYS. 

The  MYS  is  also  increased  by  stretching.  The  MYS  of  20-mil  sheet  is 
increased  with  1/2%  stretching  if  10  kei  is  assumed  the  nominal  M.YS  of 
annealed  Invar.  ^ There  is  no  significant  difference  between  the  MYS  in 
the  longitudinal  and  transverse  directions.  However,  the  MYS  in  the  longitu- 
dinal direction  of  the  40 -mil  sheet  with  2%  stretching  is  higher  than  20 -mil 
sheet,  whereas  the  MYS  of  40-mil  sheet  in  the  transverse  direction  is  the 
same  as  the  20-mil  sheet.  Although  stretching  increases  the  MYS,  Imgram 

4 

et  al.  reported  that  plastic  prestaining  of  2.  5 and  5%  lowered  the  MYS  of 
Ni-Span-C,  However,  the  chemical  composition  and  mechanical  properties 
of  this  material  are  significantly  different  from  Invar,  i.e.  , chemical  compo- 
sition of  Ni-Span-C  is  typically  0.  6%  Al,  5.  4%  Cr,  42,  2%  Ni,  2. 4%  Ti,  and 
balance  Fe.  On  the  other  hand,  Marschall*'*  has  shown  that  35%  reduction  by 
cold-working  increases  the  MYS  of  Invar, 

D.  STRESS  VERSUS  PLASTIC  STRAIN  CURVES 

Two  types  of  stress-plastic  strain  behavior  are  characterized.  The 
20-mil  sheet  exhibited  a smooth  curve  as  shown  in  Fig.  10.  The  40-mil  sheet 
in  the  longitudinal  direction  exhibited  an  S-shaped  curve  (Fig.  11),  whereas 
in  the  transverse  direction,  the  curve  was  similar  to  the  20-mil  sheet  (Fig.  10). 
The  curves  for  the  rod  were  intermediate. 

The  curves  for  the  tube  material  were  similar  to  the  40-mil  sheet  in 

4 14  15 

the  longitudinal  direction.  Work  by  several  investigators  ’ ’ suggests 

that  most  materials  follow  a logarithmic  stress-plastic  strain  relationship 
of  the  type 

o - Ke 

P 

>*c  ———————— 

C.W.  Marschall,  Battelle  Columbus  Laboratories,  private  communi- 
cation, 2 July  1975. 


-23- 


PLASTIC  MiCROSTRAIN 


Fig,  11,  Stress-plastic  strain  curves  of  40 -mil  sheet 


where  K is  tlie  preexponcntial  coefficient,  n is  the  microstrain  hardening 
exponent,  and  is  the  plastic  strain.  A smooth  curve  (Fig.  10)  can  be 
d(!scribed  by  one  set  of  K and  n,  whereas  an  S- shaped  curve  requires  two 
sets  ol  vhese  parameters  (Fig,  12).  A statistical  analysis  of  all  data  was 
performed.  Logarithmic  curves  were  fitted  to  data  below  and  above  the  MYS 
scparatel  - and  to  the  combined  data.  The  values  of  the  coefficient  of 
correlation  (R)  and  the  number  of  experimental  data  points  (N)  are  given  in 
Table  IV'.  Only  in  the  case  of  the  40-mil  sheet  in  the  longitudinal  direction 
did  R for  data  below  the  VfYS  exceed  R for  the  combined  data.  This  signified 
that  the  data  for  the  40 -mil  sheet  in  the  longitudinal  direction  is  more  accu- 
rately descri'ned  by  two  sets  of  K and  n rather  than  one  set  of  K and  n. 


The  data  described  by  two  sots  of  K and  n suggest  that  other  deformation 
processes  are  beginning  to  occur  due  to  the  2%  stretching.  In  comparing  the 
combined  dat?.  curves,  neither  n nor  K showed  any  significant  trend  with 
thermal  mechanical  processing  for  any  particular  shape,  The  20-mil  sheet 
has  the  highest  K values  and  lowest  n values,  whereas  the  rod  has  the  lowest 
K values  and  highest  n values. 
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Table  IV.  Results*  from  Statistical  Analysis  for  the  Determination  of  K and  n 
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is  in  units  of  10”'  (strain)  when  calculating  0"(ksi). 


IV.  CONCLUSIONS 


The  microyield  strength  increases  with  slow  furnace  cooling  from 
temperatures  > 390*  C. 

The  microyield  strength  of  sheet  in  the  longitudinal  and  transverse 
directions  increases  with  up  to  2%  longitudinal  stretching.  Two  percent 
stretching  produces  a higher  microyield  strength  in  the  longitudinal  direc- 
tion than  in  the  transverse  direction. 

Most  stress-plastic  strain  curves  can  be  described  with  the  empirical 
relationship  a = Ke”.  In  the  case  of  40  mil  sheet  with  2%  stretching  the 
stress -plastic  strain  curves  are  divided  into  two  segments  and  are  described 
with  two  seta  of  K and  n. 
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LABORATORY  OPERATIONS 

Th«  Laboratory  Oporatloni  of  Th«  Aorospaco  Corporation  la  conducting 
axparlmantal  and  thaoratical  invaatl^atlona  nacaaaary  fot  tha  avaluatlon  and 
application  of  aclantiflc  advancaa  to  new  military  concapta  and  ayatema*  Ver- 
aatility  and  flexibility  have  bean  developed  to  a high  degree  by  the  laboratory 
peraonnal  in  dealing  with  the  many  problema  encountered  in  the  nation'a  rapidly 
developing  apace  and  miaeile  eyetema.  Expartiaa  in  the  lataet  aciantific  daveU 
upmenta  la  vital  to  the  accompllahment  of  taaka  related  to  thaaa  problama.  The 
iaboratoriaa  that  contribute  to  thla  raaaarch  aret 

Aarophyaica  Laboratoryi  Launch  and  reentry  aarodynamica»  heat  trana- 
far,  reentry  phyalca*  cKamlcal  klnatlca*  itructural  machanica*  flight  dynamical 
aimoapharic  pollution,  and  hlgh*powar  gaa  laaara, 

Chamiatry  and  Phyalca  Laboratoryi  Atmoaphatic  raactlona  and  atmua- 
pherlc  optfra,  ctiamlcal  raactlone  »n  polluted  atmoapharea,  chamicai  raactlona 
of  oNcltud  apeciea  In  rocket  plumaa,  chemical  thrrmodynamlca,  plaama  and 
laaar-induced  raactlona,  laaer  chemlatry,  propulalon  chiimiatry,  apace  vacuum 
and  radiation  effacta  on  materiala,  lubrication  and  aurtacr  phenomena,  photo^ 
aenaltive  materlala  and  eenaorai  high  preciaion  later  ranging,  and  tike  appli- 
cation of  phyaice  and  chemlatry  to  problama  of  Uw  enforcement  and  biomediclno, 

Electronic e Rea earch  Laboratoryi  Electrumagnetlc  theory,  dt  <^lcea,  and 
propagation  phenomena,  including  ptaama  eUc-tromagneticai  quantum  electronica, 
laaera,  and  alrctru-optica;  communication  aclancea,  applied  electronica,  aami- 
conducting,  luperconductingi  end  cryatal  device  phyaica,  opti^‘al  and  ecouetical 
imaging:  atmoapheric  pollutiotii  miUimetar  wave  end  fer  >infrerad  tachnology. 

Matariala  Sctencea  Laboretorvi  Development  of  new  meterlalai  metal 
matrix  compoaltei  and  new  forma  of  carboni  teat  and  evaluation  of  graphite 
and  eeramlca  in  reentry:  epacecraft  materiale  and  electronic  componenti  in 
nuclear  weapona  environment!  application  of  fracture  mechanlce  to  etreai  cor- 
roaion  and  fatigue-induced  fracturee  in  atructural  melala. 

Space  Science  a Laboratoryt  Attrioapherjc  and  lonoepherlc  phyaica,  radia- 
tion frorn'lho  atmoapherr,  Penalty  and  compoaltlon  of  the  aimoephere,  aurorae 
and  airgluwi  nkagnetoapheric  phyelce,  coemic  raya,  generation  and  propagation 
of  plaama  WHvee  in  the  magnetuapheir:  aolar  phyaica,  aludlea  of  aolar  magnetic 
fielda:  apace  natranomy,  x-ray  aatronomy;  the  effacta  of  nuclear  exploelona, 
magnetic  itorma.  and  aolar  activity  on  the  aarth'a  atmoaphere.  ionoaphiire,  and 
n^agnataaphe. rni  the  effecta  of  optical,  electromagnetic,  and  parttculate  radla- 
tlona  in  apace  on  apace  eyvtemu. 
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LABORATORY  OPERATIONS 

The  Laboratory  Operation*  of  The  Aerospace  Corporation  is  conducting 
experimental  and  theoretical  investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver- 
satility and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  apace  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophysics  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans- 
fer; reentry  physics,  ciiemical  kinetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effect*  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory;  Electromagnetic  theory,  devices,  and 
propagation  phenomena,  including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi- 
conducting, superconducting,  and  crystal  device  physics,  optical  and  acoustical 
imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composite*  and  new  forme  of  carbon;  test  and  evahiation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue-induced  fractures  in  structural  metals. 

Space  Sciences  Laboratory:  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airgluw;  magnctospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  !hc  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  effects  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  electromagnetic,  and  particulate  radia- 
tion* in  space  on  space  systems. 
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